Abstract: Diode and collimator/multiplexer functions are suggested to be combined in one device that is based on a thin metallic grating with a single subwavelength slit. A proper choice of the structural (a)symmetry of the grating can result in obtaining one-way collimation and multiplexing with a single on-axis or off-axis, or two off-axis narrow outgoing beams. It is possible due to freedom in utilizing different combinations of the excitation conditions of the spoof surface plasmons at the four grating parts -right and left front-side and right and left back-side ones. Such a combining provides one with an efficient tool to engineer one-way collimators and multiplexers with the desired characteristics. Strong asymmetry in transmission with respect to the incidence direction (forward vs backward case) can be obtained within a wide range of variation of the incident beam parameters, i.e., angle of incidence and frequency, while the outgoing radiation is concentrated within a narrow range of the observation angle variation. Most of the observed asymmetric transmission features can be qualitatively explained using the concept of the equivalent source placed inside the slit. 189-193 (2006). 7. H. Caglayan, I. Bulu, and E. Ozbay, "Beaming of electromagnetic waves emitted through a subwavelength annular aperture," J. Opt. Soc. Am. B 23(3), 419-422 (2006 
Introduction
Transmission through the subwavelength apertures in metallic screens has extensively been studied at microwave and optical frequencies for more than ten years [1] . Surrounding a single subwavelength hole or slit with corrugations enables enhancing an otherwise vanishing transmission due to surface plasmon excitations [2] [3] [4] . In line with the earlier studies, transmission through metallic gratings with a single slit can be regarded as a sequence of three rather independent processes: coupling in, transmission through the slit, and coupling out [5] . Then, corrugations placed at the input interface are mainly responsible for the transmission enhancement, while those at the exit interface do so for shaping the outgoing radiation. The surface plasmon inspired beaming belongs to the most interesting effects realizable in such structures [6] [7] [8] . It has been shown in many studies that the narrow outgoing beam(s) that are only a few degrees wide can be obtained. In particular, the possibility of narrowing the beam down to 2.7° at the half-power level has been demonstrated in [9] .
Another intersting reciprocal phenomenon called asymmetric transmission has extensively been studied during the last years. In fact, it allows obtaining one-way, diode-like operation regimes for the linearly polarized incident waves without the use of anisotropic or nonlinear constituents, at the price of the transmitted energy redistribution in favor of either higher diffraction orders [10, 11] or the other polarization [12, 13] . The realization of a diode-like transmission, i.e., that with a strong difference between the forward transmission (front-side incidence) and the backward transmission (back-side incidence), is one of the most intriguing effects realizable in metallic gratings with different corrugations at the input (incidence) and exit interfaces [14, 15] . Comparing to the other performances that enable asymmetric transmission, the use of thin metallic gratings with a slit opens a route to the compact performances, in which asymmetric transmission can be obtained in the beaming regime without polarization change.
However, in most of the studies, beaming regimes in metallic gratings with slits have been considered without connection to the possible asymmetric transmission regimes. For example, this concerns both on-axis [2] and off-axis [16] [17] [18] beaming regimes that have been studied at normal incidence. If the corrugations at the exit interface are symmetric regarding the slit, offaxis beaming appears while the outgoing beams are symmetric, too [18, 19] . If the corrugations are asymmetric, off-axis beaming can be obtained in a single-beam regime. Furthermore, the properly designed left-side and right-side corrugations at the exit interface enable the existence of surface plasmons that contribute to the same outgoing beam [16, 17, 20, 21] . Hence, radiation from the left and the right side collimate in sense of contributing to the same beam. However, this is not the main regime that is referred to as collimation, when metallic gratings with subwavelength slits/holes are considered. The same remains true concerning the studies relevant to semiconductor lasers [9] and some structures that support the acoustic surface waves [22] , where collimation means, in fact, the same as beaming, i.e., just the ability to collect the input radiation to a single narrow outgoing beam. The possibility of multiplexing, i.e., sending the beams nearly in the same direction at several close microwave frequencies has been an auxiliary result of Ref [20] . Recently, a similar regime has been studied at optical frequencies, where it has been referred to as collimation [23] . For the sake of definiteness, multiplexing is here referred to as the operation regime, in which the contributions of the multiple incident waves/beams having different frequencies but the same angle of incidence are collected. We distinguish this regime from that one, in which the contributions of the individual waves/beams, which have the same frequency but different incidence angles, are collected. Here, we adopt the terminology, according to which the latter is referred to as collimation. The possibility of combining functions of collimator or multiplexer and diode in one device has not been studied yet.
Metallic gratings with different corrugations at the left and the right side of the exit interface enable asymmetry in the excitation of surface plasmons. This remains true also when the front and back interfaces are the same. Asymmetric excitation of surface plasmons at the left and the right side can be realized for both the slit containing [24, 25] and the slitfree [26] [27] [28] [29] structures. In the latter case, surface plasmons can be unidirectionally excited at the slit-free incidence interface. A proper combination of the corrugation parameters and width and location of the incident beam spot often provides blocking the in-plane propagation in the unwanted direction(s). In the former case, they can be excited asymmetrically at the left and right sides, or only at one of the sides, while the corrugations are either different at the two sides or placed at one of the sides only. In this case, transmission through a subwavelength hole or slit is a necessary part of the utilized unidirectional mechanism. In fact, off-axis beaming with a single outgoing beam as that demonstrated in [16, 20] needs asymmetry of the surface plasmons with respect to the slit at the exit interface. In the structures with a single slit and without corrugations, asymmetry of surface plasmons at the left and right sides can be obtained due to the asymmetry of the slit alone [30] .
In this paper, we demonstrate how diode-like transmission can be combined with collimation or multiplexing in one device. In the studied mechanism, transmission is weak for one of the two opposite incidence directions, in either the entire or a limited range of the observation angle variation. It will be shown that the one-way collimation and one-way multiplexing can be obtained in wide ranges of variation in angle of incidence, θ, and frequency, f, respectively. To do this, we study transmission through metallic gratings with corrugations at both the input and exit sides and a single subwavelength slit, while putting the emphasis on the narrow-beam collimation and multiplexing. The incident beams are assumed to be rather wide and incident at an arbitrary θ. The metallic grating designs will be proposed that enable collecting radiation from the multiple wide beams that are incident at different θ and/or correspond to different values of f, while one-way transmission takes place. The desired number and direction(s) of propagation of the narrow outgoing beam(s), e.g., on-axis or off-axis, and directional selectivity, e.g., one-way or two-way transmission, and the desired half-power bandwidth are affected by the grating (a)symmetry and corrugation parameters. The strongly pronounced isolation between the input and the exit half-space, which is understood in the sense that the characteristics of the outgoing radiation are mainly determined by the spoof surface plasmons at the exit interface, is a necessary but not sufficient condition for this mechanism. As a result, variation of θ in a rather wide range is expected to slightly affect the basic features of the spatial distribution of the field in the exit half-space. However, estimation of the bandwidth invokes the extensive study of transmission, since the strength of coupling may strongly depend on θ.
The electromagnetic wave response will be studied for the three types of metallic grating structures with corrugations at the front and back sides and a single subwavelength slit. They are distinguished in the (a)symmetry type: (i) the entire structure has no symmetry with respect to both the vertical midplane and the horizontal midplane being along the interfaces, while either the front-side or the back-side interface may alone be symmetric with respect to the vertical midplane; (ii) there is asymmetry with respect to the both midplanes, while the interfaces are the same, i.e., the entire structure shows symmetry regarding the slit centerline; and (iii) there is asymmetry with respect to the horizontal midplane, although the entire structure is symmetric with respect to the vertical midplane. In fact, the first type is most general, whereas the second and the third one can be considered as its special cases. For the sake of definiteness, we further refer to the gratings with different corrugations at the left and the right side of either one of the or the both interfaces as asymmetric gratings. In turn, the gratings with the same corrugations at the left and right side of each of the interfaces are referred to as symmetric gratings. The presented simulation results have been obtained by using a finite-difference time-domain technique. The experimental validation has been done at microwave frequencies. Thus, the geometrical parameters used in simulations are adjusted to the microwave frequency range. Accordingly, a metal of which the gratings are made is treated as a perfect electric conductor. However, all the results are quite well upscalable at least up to terahertz frequencies.
Asymmetric grating with different interfaces
Let us start from the structures of the first type. Figure 1 , where neither one-way transmission nor collimation has been considered. The slit width is 2 mm, thickness of the slit channel is 8 mm, and the groove depth is 4 mm. For the simulation purposes, the structure is assumed to be illuminated with a wide transverse magnetic (TM) Gaussian beam, i.e., magnetic field vector is parallel to the slit and grooves that are assumed to be infinitely long. The width of the Gaussian beam is 64 mm, and it is kept constant for all of the simulations. Transmission has been calculated at a distance of 50 cm from the slit centerline, which corresponds to the crossing of the horizontal and vertical midplanes, for the observation angle Θ varied in a wide range. θ is measured in the counter-clockwise direction from the normal to the incidence side.
In turn, Θ is measured in the clockwise direction regarding the normal to the exit side. A schematic for the experimental setup is given in Fig. 1(b) . Transmission measurements are carried out with an HP 8510C Network Analyzer and two standard horn antennae, whose operation range is between 10 GHz and 18 GHz. Source antenna is placed 20 cm away from the sample with a fixed θ. Transmission is measured by placing a receiver antenna 50 cm away from the slit center with a rotating arm in order to investigate the angular dependence of the transmitted beam. The use of such a map for presentation of the transmission results allows us to directly observe the effect of simultaneous variation in f and Θ on the direction of propagation of the outgoing beam(s), and, hence, detect the existense and estimate the width of the ranges of one-way transmission. As follows from the obtained results, the resonance appears at the front-side illumination near f = 14.5 GHz. In this case, the transmitted beam is steered by approximately 13° due to the specific properties of the spoof plasmons exited at the asymmetric exit interface. At the back-side illumination, the resonance appears near 15.5 GHz. Now, the maximum is observed at Θ = 0, that corresponds to the exit interface being symmetric with respect to the vertical midplane and, hence, to the slit. Thus, the maxima for the two opposite directions appear at the different values of Θ, i.e., the necessary condition of asymmetric transmission is fulfilled. Bandwidth of asymmetric transmission is estimated to be 2.4 GHz. From the previous studies of metallic gratings with a slit, it is known that, at the properly adjusted parameters, spoof plasmons that are excited at the input interface can be mainly responsible for the transmission enhancement through the subwavelength slit [5] . In turn, those excited at the exit interface enable the output beam shaping [5] . Thus, one can expect that the changing of θ might lead just to insignificant changes in the transmission map. This qualitatively explains why collimation of the beams that are incident at different θ and multiplexing of the incident beams that are distinguished in f to the single narrow outgoing beam can appear. The questions remain open how the coupling strength depends on θ and, hence, how wide the collimation and multiplexing ranges can be. First, we check how transmission is affected by changing sign of θ. In Fig. 3 , transmission maps are presented for θ = −5° at the front-side and the back-side illumination. One can see that the maps for θ = 5° and θ = −5° are very similar. Thus, if the two wide beams of the same frequency that is taken in the vicinity of the resonance are simultaneously incident at θ = 5° and θ = −5°, the two outgoing beams propagate in the same direction, i.e., they collimate. On the other hand, since directions of propagation of the outgoing beams in the vicinity of f = 14.5 GHz are different at the front-side and the back-side illumination, collimation can appear in a one-way manner. Furthermore, the combined one-way regime, i.e., that with radiation being collected from the incident beams which simultaneously differ in f and θ is expected to appear. To explain the magnitude relevant features observed in Figs. 4 and 5, we calculated the power flow through the slit. Figure 6 presents the power flow obtained inside the slit at the horizontal midplane. In case of the front-side illumination, the results for θ = 5° and θ = −5° are identical. In case of the back-side illumination, they are distinguished. One can assume that the equivalent source is placed at the center of the slit, while its characteristics are determined by geometry of the input interface. Correspondingly, a symmetric input interface as in Fig. 6(a) is associated with the source that is insensitive (in terms of power flow) to the change of sgnθ. In the contrast, an asymmetric input interface like that in Fig. 6(b) is associated with the source, which is affected by the change of sgnθ. It is noteworthy that placing an equivalent source, say, a dipole inside a slit is well consistent with the theoretical model utilized in [19] for the nanoantenna relevant gratings. Introduction of a source inside the slit can be very useful for engineering directive radiation in the studied structures, provided that the isolation regime is realized. Now, let us examine the angular distribution of the electric field intensity in the exit halfspace, which corresponds to a frequency near the maximum observed at the front-side illumination. In Fig. 7(a) , it is presented for the four values of θ ≥0. For this illumination direction, beaming is strongly pronounced, while the θ independent maximum appears at Θ = −13.5°. The only difference between the curves for different θ is the beam intensity at the maximum, which decreases with increasing θ. This means, in fact, that |θ | affects the magnitude of the equivalent source if f is kept constant. At the back-side illumination, transmission is weak in the vicinity of Θ = −13.5°, so that the off-axis beaming with a single transmitted beam manifests itself as a one-way regime. In this case, the collimator and diode functions co-exist, as desired. According to the obtained transmission results, the range of θ variation, in which collimation is observed, is at least 30° wide. The obtaining of such an estimate would be impossible while being based only on the qualitative analysis in terms of symmetries and isolation. Half-power bandwidth is equal to 11° at |θ | = 5° and 12° at |θ | = 10°, for the front-side illumination. In turn, in the vicinity of Θ = 0, the contrast between the transmittances for the front-side and the back-side illumination in Fig. 7(a) is substantially smaller, thereby leading to a weakly pronounced asymmetry in transmission. Despite this, collimation still takes place in the on-axis regime at the back-side illumination, although the outgoing beam is now wider than in the off-axis regime at the front-side illumination. The combination of the collimation and one-way beaming that appears at the front-side illumination at −20°<Θ<-10° is probably the most interesting regime observed for Sample A. Fig. 7(a) , but now for the two values of θ that differ in sign only. The corresponding outgoing beams collimate and, furthermore, show the same magnitudes at the maximum arising at Θ = −13.5° for the front-side illumination. At the same time, the magnitudes are different when the beams collimate at Θ = 0 at the back-side illumination that indicates asymmetry of the input interface. These features are in agreement with the above-used qualitative explanation based on the introduction of the equivalent source. Here, the electric field intensity at the front-side illumination is approximately six times higher than for the back-side illumination. Hence, asymmetry in transmission at changing the incidence direction to the opposite one is well pronounced. It is noteworthy that the asymmetry can be quite strong also within other Θ ranges, e.g., at 20°<Θ<50°. However, beaming does not occur in this case. In Fig. 7(c) , the experimental results for the angular distribution are presented at f = 14.5 GHz for θ = 5° and θ = −5°. Good coincidence of the simulation and experimental results is observed in the vicinity of Θ = −13.5°, where the asymmetric transmission is best pronounced. The effect of changing sign of θ like that in Figs. 7(b) and 7(c) remains in a wide range of θ variation. For example, Fig. 7(d) presents the simulated angular distribution of the electric field intensity at f = 14.5 GHz for θ = 10° and θ = −10°. The only significant difference as compared to Fig. 7(b) is that now the magnitude achieved in the beaming regime for the back-side illumination can be larger than that in the beaming regime at the front-side illumination. Note that the wide outgoing beam at Θ = 0 in where the outgoing beam at the back-side illumination is substantially narrower than in Fig. 7 . However, at this distance transmission at the front-side illumination is not yet well suppressed, and, thus, asymmetry in transmission is not yet well pronounced.
A single narrow outgoing beam has been obtained in the one-way transmission regime also when several wide beams corresponding to different frequencies are incident at the same θ. This is possible because the surface plasmon resonance is rather wide, as seen in Figs. 2 and 3. An example of the angular distribution of the transmitted electric field intensity is presented in Figs. 8(a) and 8(b) for θ = 5° and θ = 10°, respectively. At the front-side illumination, there is a slight change in the intensity maximum and its angular location is observed, at least if f is varied from 14 to 15 GHz. Hence, one-way, diode-like multiplexing can be obtained. A single outgoing beam can be obtained also at the back-side illumination. However, in this case, neither the well pronounced beam narrowing nor a one-way multiplexing has occurred. In the contrast to our results, those obtained for the same structure at the front-side illumination in Fig. 2 of Ref [20] . are insufficient to detect one-way features and, hence, to show that the diode and multiplexer functions can be combined in one device, which is thin due to utilizing the surface plasmon resonance. The observed features allow us expecting that the one-way regime can be obtained also for the nonmonochromatic electromagnetic waves (wide beams) that have a wide frequency spectrum and are incident at rather arbitrary θ. 
Asymmetric grating with the same front-side and back-side interfaces
Now, let us consider the metallic grating with a slit that shows another asymmetry than Sample A. Now, b c = , a d = , a b ≠ , and c d ≠ . This grating represents the second type of the structures studied in this paper, see Fig. 9 . Further, we refer to it as Sample B. Similarly to Sample A, it has no symmetry with respect to the vertical and horizontal midplanes. However, in contrast to Sample A, it is symmetric with respect to the slit centerline, i.e., the crossing line of the vertical and horizontal midplanes, which is perpendicular to the figure plane. We take here a = d = 22 mm and b = c = 14 mm, so that the two among the four values -a and b -are the same as for Sample A. We restrict our consideration to the case of θ = 0.
The results are always the same, regardless of whether the structure is illuminated from the front or the back side. The map of the transmitted electric field intensity is presented in Fig.  10(a) . The resonance is observed in the vicinity f = 14.5 GHz. It is nearly the same as for Sample A at the front-side illumination, because Sample A and Sample B have the same exit interface. The observed behavior is well consistent with the expected dominant role played by the exit interface in shaping of the outgoing radiation. The maximum occurs now at Θ = −12°. The angular distribution is shown in Fig. 10(b) for the selected frequency values. The angle, at which the intensity is maximal, is nearly the same while f varied from 14 to 15 GHz. Hence, the off-axis multiplexing is obtained here. Fig. 9 . Geometry of Sample B and schematic of the paths of the input (red arrows) and outgoing (blue arrows) beams.
However, as seen in Figs. 9 and 10 , the beaming is not one-way. Minimization of the intensity beyond the Θ range that corresponds to the beaming (vicinity of Θ = −12°), e.g., at −5°<Θ<60°, would be important for obtaining the reversible operation regime. In this regime, two beams that are normally incident on the front and back sides should create the outgoing radiation in the directions, which are distinguished from those where the opposite-side incident beams come from. This can be done by proper optimization of the grating geometry. As a result, one might expect obtaining two-way collimation without affecting a source associated with the opposite-side radiation. The said above remains true for multiplexing. A similar problem, i.e., suppression of parasitic radiation beyond the Θ range, in which the beaming appears, exists and, therefore, should be solved also for the other type of asymmetric gratings that keep symmetry with respect to the horizontal midplane, i.e., a c
≠ , and c d ≠ . Also these gratings should enable protection of the opposite-side source. A comparison of the results of Sec. 2 and Sec. 3 clearly illustrates the roles played by the (a)symmetry of the exit interface and that of the entire structure in combining asymmetric transmission and off-axis beaming. 
Symmetric grating with different front-side and back-side interfaces
The third type of the structures studied here is represented by a metallic grating with a subwavelength slit that has corrugations being symmetric with respect to the vertical midplane but asymmetric with respect to the horizontal midplane, see Fig. 11 . This structure is referred to as Sample C. In order to provide connection to our earlier studies that have not been related to collimation and multiplexing, we take here a = b = 26 mm and c = d = 16 mm, i.e., the same parameters as in [14, 15] . On the other hand, it differs from Sample A only in the grating periods at the back-side interface. Due to the specific choice of a, b, c, and d, ( ) ( ) T T Θ = −Θ at θ = 0, regardless of the illumination side. However, transmission may strongly depend on the change of the illumination side at θ = const. For the former, the resonance is observed at f = 9.5 GHz and Θ = 0. Bandwidth for this frequency regime is estimated to be 1.5 GHz, and for the other band at 14.5 GHz, the bandwidth is 1.2 GHz. At higher frequencies, the off-axis beaming occurs that is characterized by the two symmetrically outgoing narrow beams, so that the splitting function is combined here with the diode and collimator functions. For the latter, the well pronounced beaming takes place only in the vicinity of Θ = 0, for the resonance arising at f = 16 GHz. The smaller the frequency, the wider is the range of Θ variation, in which the transmitted wave energy is localized. Similar maps have been obtained (not shown) for the values of |θ| that are distinguished from that in Figs. 12 and 13. The efficient one-way collimation occurs at least if θ is varied from −30° to 30°. It is noteworthy that the results of Refs [14, 15] are not sufficient for concluding that the one-way transmission regime may co-exist with collimation in a wide θ range. Figure 14 presents the Θ-dependence of the transmitted electric field intensity at the two selected frequencies, which correspond to the high-T spots in Figs. 12(a) and 13(a) . A more than fivefold forward-to-backward transmission contrast is observed in Fig. 14(a) in the single-beam on-axis regime. A more than tenfold contrast is observed in Fig. 14(b) in the two-beam off-axis regime. It is seen that the change of sign of θ does not lead to a valuable change of the intensity in the two-beam off-axis regime, i.e., at Θ = 0 in Fig. 14(a) and near |Θ| = 20° in Fig. 14(b) . Thus, the dual-band, one-way collimation can be obtained for Sample C, since the on-axis and off-axis one-way beaming scenarios may be realized in the same structure at the two different frequency ranges. Furthermore, the triple-band one-way collimation can be obtained by using the third band in the vicinity of f = 16 GHz, where the maximum is observed at Θ = 0 for the back-side illumination, see Figs. 12(b) and 13(b) . The main difference as compared to Fig. 7 is that now the single-beam one-way collimation appears only for the on-axis beaming scenario, while the off-axis scenario results in splitting into the two symmetrically outgoing beams. Similarly to Sample A and Sample B, multiplexing can be obtained at θ = const. The explanation in terms of the equivalent source as that used in Sec. 2 is expected to be valid for Sample C, too. Finally, Table 1 summarizes the basic features of the grating symmetry and the relevant transmission features for the studied performances. Connection between the symmetry properties and the ability of one-way collimation is clearly seen. 
Conclusions
In this paper, we demonstrated that for multiple wide incident beams, which are distinguished in the angle of incidence or frequency, the beaming, collimation, and multiplexing, on the one hand, and one-way, diode-like transmission, on the other hand, can be combined in one device. The suggested compact performances based on metallic gratings that support spoof surface plasmons can replace, in fact, a sequence of two or more devices. Isolation that is understood in the sense that the spatial distributions of the field in the input and the exit halfspace are quite independent of each other is a key requirement for obtaining of one-way collimation and multiplexing. One more requirement is that the resonances are not sharp. It is fulfilled for the typical spoof surface plasmons. This is important since the contributions of the individual incident beams must be collectable, even if the frequencies of the incident beams are distinguished. The obtained results demonstrate how (a)symmetry type and relevant difference in the conditions of spoof plasmon excitation at the four grating sides (right front-side, left front-side, right back-side, and left back-side) affect the number and directions of the outgoing beam(s). In particular, for the structures with an asymmetric exit interface, a one-way transmission has been obtained due to the single, off-axis, forward transmitted beam, i.e., the backward transmission is rather weak within a limited range of the observation angle variation. Transmission maps plotted on the frequency-observation-angle plane for the incidence angles, which differ in sign only, are very similar, provided that the input interface is symmetric with respect to the slit. In this case, contributions of the corresponding incident wide beams into the narrow outgoing beam can show the same magnitude at and around the transmission maximum. For the structures with the exit interface being asymmetric with respect to the slit, one-way multiplexing can also occur in the singlebeam off-axis regime. For the structures with a symmetric exit interface, the two resulting offaxis beams, or a single on-axis beam appear in a one-way regime a wide range of the observation angle variation. As a result, one-way, dual-band collimation can be obtained. The proposed structures can be utilized to collect contributions from different waves/sources, e.g., in sensing applications.
